Vibrational properties of bulk crystalline barium halides BaCl 2 , BaBr 2 , and BaI 2 are theoretically investigated for orthorhombic and hexagonal symmetry with ab initio methods in density functional theory. It is demonstrated that the used method is capable of predicting frequencies of vibrational modes, their symmetry types, and corresponding Raman intensities in reasonable agreement with experimental data for orthorhombic and hexagonal BaCl 2 and BaBr 2 nanocrystals embedded in fluorozirconate glasses. For orthorhombic BaCl 2 , a Raman-active phonon mode could be predicted theoretically that was not observed in measurements before.
I. INTRODUCTION
The vibrational energies of the barium halides BaCl 2 , BaBr 2 , and BaI 2 in orthorhombic and hexagonal symmetry are, apart from theoretical interest, critical for fluorescence applications of these materials when embedded as nanocrystals in glasses. Fluorescent fluorozirconate glasses containing rare earth (RE) activated barium halide nanocrystals have great potential for use as x-ray storage phosphors or scintillators for medical imaging. 1, 2 They are also attractive for further applications such as up-or down-conversion layers for high efficiency solar cells. 3, 4 For high fluorescence efficiencies nonradiative losses in the RE host material can be reduced by using host materials with low phonon energies, e.g., fluorozirconate (FZ) glasses (< 590 cm −1 ). 5, 6 If these glasses are additionally doped with Cl or Br ions the growth of nanocrystals during a subsequent annealing procedure is initiated. The BaCl 2 and BaBr 2 nanocrystals are appropriate hosts for the RE ions and improve the fluorescence efficiency of these systems further because of the very low maximum phonon energies.
Experimentally, Raman spectra of orthorhombic BaCl 2 and BaBr 2 were investigated in the 1970s by Sadoc et al. 7 and Monberg et al., 8 respectively. Raman spectra of those barium halides are uncommon in literature because of the high hygroscopicity of these compounds. Raman spectra of hexagonal and orthorhombic BaCl 2 and BaBr 2 nanocrystals were measured recently by Pfau et al. 6 So far, vibrational properties of hexagonal bulk crystals of BaCl 2 , BaBr 2 , and BaI 2 , as well as the orthorhombic BaI 2 , have not been determined because of their thermodynamic instability. 9, 10 Theoretical considerations about phonons of barium halides were outlined until recently only for BaF 2 in the simpler cubic symmetry Fm3m. 11, 12 The stability of an unobserved crystalline BaCl compound in rocksalt structure was predicted in Ref. 13 based on elasticity and phonon properties obtained from the density functional theory (DFT).
Here, the Raman spectra of bulk BaCl 2 , BaBr 2 , and BaI 2 in orthorhombic and hexagonal symmetry (see the stereo sketches 14 in Fig. 1 ) are studied theoretically and for the first two, are compared with Raman measurements of bulk crystals 7, 8 and of nanocrystals in fluorozirconate glasses. 6 The symmetry-adapted types of the calculated modes are identified and the phonon bands in the measured Raman spectra are assigned to their symmetry modes.
II. METHODS
First-principle calculations within local density approximation (LDA) to density functional theory were performed in order to determine the phonon frequencies and the corresponding Raman scattering intensities of bulk crystalline BaCl 2 , BaBr 2 , and BaI 2 in orthorhombic and hexagonal symmetry. The implementation in the ABINIT package 15, 16 was used with the Teter extended norm-conserving pseudopotential for Ba (Ref. 17) and pseudopotentials for the halides Cl, Br, and I in the Troullier-Martins pseudopotential scheme. 18 For Ba, the 5s, 5p, and 6s electrons, and for the halides those of the s and p orbitals of the outermost shell were treated as valence electrons.
The kinetic cutoff energies (ecut) for the plane-wave basis in reciprocal space and the number of bands (nband) for which wave functions were computed are given in Table I . These values were obtained from evaluating convergence tests after optimization of the atomic positions in the unit cell. For the replacement of integrals over the Brillouin zone, a 6 × 6 × 6 Monkhorst grid 19 for the orthorhombic structures and a 4 × 4 × 4 Monkhorst grid for the hexagonal lattices were sufficient for the convergence of the variables required for phonon calculations.
The dynamical matrix that yields the phonon frequencies and eigendisplacements was computed within the variational approach of density functional perturbation theory. Following group theory, the dynamical matrix can be decomposed into blocks that correspond to an irreducible representation of the dynamical matrix group. This representation gives the infrared and Raman-active modes of the crystal structure. Nonresonant Raman scattering is a Stokes process initialized Table I ). The y numbers in the legends are the altitudes in the projection plane. Connecting bond lines between Ba and Cl atoms are added in order to emphasize the similarity of both structures.
by an incoming photon with frequency ω 0 and polarization e 0 . In the crystal lattice, this photon creates a phonon of frequency ω m and is scattered to a photon with frequency (ω 0 − ω m ) and polarization e S . The efficiency of this Raman scattering can be computed from the projection of the Raman susceptibility tensors on the polarization vectors e S and e 0 . The form of the Raman susceptibility tensors depends on the phonon mode. The scattering intensity of a specific phonon mode m is determined by the specific Raman-scattering efficiency S with
where is the collection angle of the scattered photon, c is the light velocity,h is the reduced Planck constant, and α m is the Raman tensor. The latter depends on variations of the linear electronic dielectric susceptibility tensor along atomic displacements described by the phonon eigendisplacement vector. The dependency of S on the temperature T is given by the factor
which includes again the phonon frequency ω m , k B being the Boltzmann constant. The Raman tensor and the frequency of a phonon mode can be numerically evaluated with the ABINIT code. More details can be found in Refs. 16 and 22. For comparison with experimental data, the Raman intensities were calculated as an average over all possible crystal orientations and over all polarizations as it is useful for powder spectra; for the applied formulas, see Refs. 16 and 23. This method gives no information on the shape or the width of the Raman intensity scattered by a single mode because electron-phonon coupling has not been taken into account. For the calculated spectra shown in Figs. 2-4, Raman peaks are assumed to be of Lorentzian shape with a small full width half maximum linewidth of 2 cm −1 . Using a larger linewidth of 8 cm −1 provides a good qualitative agreement of the calculated spectra with the measured spectra by Pfau et al. 6 The measurements taken from Ref. 6 were performed with barium halide nanocrystals in glasses based on the ZBLAN (53ZrF 3 -20BaF 2 -20NaF-4LaF 3 -3AlF 3 , values are in mol%) composition. 24 The fluorochlorozirconate (FCZ) and fluorobromozirconate (FBZ) glasses consist basically of a mixture of zirconium, barium, and sodium fluorides to which barium and sodium chlorides and bromides, respectively, are added. The preparation method is described in Refs. 6 and 25. To initiate the formation of orthorhombic and hexagonal barium halide nanocrystals the FCZ and FBZ glasses were subsequently treated at different appropriate annealing conditions. The achieved content of BaCl 2 and BaBr 2 crystallites is at most 20 and 7.5 mol%, respectively, assuming complete crystallization. Unpolarized Raman measurements were done in reflection geometry. For the excitation the 514.5 nm line of an argon ion laser was used.
III. RESULTS
Here, BaCl 2 , BaBr 2 , and BaI 2 in orthorhombic Pnma (space group 62, in Schoenflies notation D 6 The dominant peaks are assigned to their symmetry modes.
orthorhombic cell contains four formula units, i.e., four Ba and eight halide atoms, and the hexagonal cell contains three formula units, i.e., three Ba and six halide atoms (see Fig. 1 ). Each Ba 2+ ion has nine halide ion neighbors, three lying in the same plane that was used as the projection plane in Fig. 1 , three lying in a plane behind, and three lying in a plane in front of that plane.
In the orthorhombic unit cell, two Ba and two inequivalent halide atoms occupy Wyckoff 4c positions, respectively, while in the hexagonal unit cell, two inequivalent Ba atoms occupy the Wyckoff 1b and 2c positions and the inequivalent halide atoms occupy the Wyckoff 3f and 3g positions, respectively.
The cell size parameters used for the DFT calculations are obtained with structural relaxation performed with ABINIT. The values x Ba , z Ba , x ha,1 , z ha,1 , x ha,2 , and z ha,2 are the structural parameters of the barium and the halide ions at the 4c Wyckoff positions in the unit cell of the orthorhombic Pnma structure, respectively. The calculated structural parameters x ha,1 and x ha,2 (see Table I ) for the 3f and 3g Wyckoff positions for the hexagonal BaCl 2 , BaBr 2 , and BaI 2 are very close to their experimental counterparts, e.g., x ha,1 = 0.2563 and x ha,2 = 0.5918 determined by Beck 9 for hexagonal BaI 2 with x-ray diffraction.
FIG. 3. (Color online)
Comparison of Raman spectra of orthorhombic (top) and hexagonal (bottom) BaBr 2 obtained from DFT to the measured Raman intensity of corresponding nanocrystals in an FBZ glass. 6 The dominant peaks are assigned to their symmetry modes.
At the zone center three acoustic and 33 optical phonon modes are expected for the orthorhombic crystal and three acoustic and 24 optical phonon modes for the hexagonal crystal. Factorial group analysis predicts for the orthorhombic Pnma symmetry 18 Raman-active modes (6A g +3B 1g +6B 2g +3B 3g ), where every Wyckoff 4c position corresponds to one A g , two B 1g , one B 2g , and two B 3g modes, 12 infrared-active modes (5B 1u + 2B 2u + 5B 3u ) and three silent modes (3A u ). The hexagonal crystal has ten Raman-active modes (2A 1 + 6E + 2E ), nine infrared-active modes (3A 2 + 6E ), and three silent modes (2A 2 and 1A 1 ). The E modes are both infrared and Raman active. Here, the notation of Loudon 26 Figs. 2 and 3 . These spectra are phonon responses from nanocrystals in glass and therefore, phonon peaks are broader than peaks measured in bulk crystals. Apart from quantum confinement effects, this can be caused by a broad size distribution of the nanocrystals and disorder effects such as poor crystalline quality or shape irregularities. 30 As reported in Ref. 6 , a measurable shift of the phonon frequencies of the nanocrystals compared to the corresponding frequencies in bulk crystal was not observed.
In a rough estimate following the model of vibrations of a chain of atoms of two types, one would expect the optical phonon frequencies of isostructural barium halides to be in a range inversely proportional to the square root of the reduced mass of the Ba and the halide atom. For BaCl 2 and BaBr 2 , the corresponding quotient is 0.57. In fact, the calculated quotient of the highest Raman mode frequency for orthorhombic symmetry is 0.67 (see Table II and Fig. 2) , and the quotient for the hexagonal equivalent is 0.72 (see Table III and Fig. 3 ). The inverse square root of the quotient of the reduced masses for BaI 2 and BaBr 2 is 0.87. The calculated quotient of the highest Raman mode frequency is 0.87 for the orthorhombic symmetry and 0.83 for the hexagonal symmmetry.
In the evaluated Raman spectra of the barium halides in orthorhombic symmetry (top part of Figs. 2-4) , all six A g modes appear clearly. The B 3g mode between the fifth and sixth A g mode also has a strong Raman intensity and can be identified in the experimental spectra of the barium halide nanocrystals provided by Pfau et al. 6 despite a higher linewidth of the measured Raman peaks. Seventeen Raman modes were resolved in Ref. 7 for the bulk BaCl 2 crystal. From the theoretical results it can be concluded that the missing B 2g mode [theoretically predicted to have a frequency of 170 cm −1 (see Table II )] is the fifth B 2g mode and was not found because of its small Raman intensity and its vicinity to the fifth A g mode at 176 cm −1 (see top part of Fig. 2 modes does not change when calculated for lattice parameters closer to the experimental ones. Therefore the discrepancies are attributed to experimental ambiguities.
The Raman spectra of the barium halides in hexagonal symmetry show more qualitative similarity because of smaller structural deviations. For the three barium halides, most intense peaks originate from the zone-center phonons assigned to A 1 (close to and superimposing E 1 ), E 2 , and E 5 . These three peaks can be identified from the nanocrystal measurements 6 for BaCl 2 and BaBr 2 .
For completeness, the calculated optical properties of the barium halides in orthorhombic and hexagonal symmetry are given here. The electronic dielectric tensors ∞ are listed in Table IV . For all orthorhombic modifications, the three nonvanishing tensor components vary very little (less than 1%). The variation is somewhat larger (about 3%) for the hexagonal halides, with 33 < 11 (whereas for the orthorhombic modifications, 33 is the largest component).
Because of its centrosymmetry the orthorhombic phases of the investigated barium halides have no nonlinear optical susceptibilities of even order. For the noncentrosymmetric hexagonal BaCl 2 , BaBr 2 , and BaI 2 crystals the susceptibility tensors of second order have the form 
IV. CONCLUSIONS
The Raman spectra of bulk crystalline barium halides BaCl 2 , BaBr 2 , and BaI 2 in orthorhombic and hexagonal symmetry were studied with ab initio methods of DFT. The precision of the used methods is sufficient for the prediction and assignment of vibrational modes, as was shown by comparison with measured results from previous publications. [6] [7] [8] The Raman spectrum of the barium halides in orthorhombic symmetry is dominated by peaks coming from all six A g symmetry modes and the third B 3g mode between the fifth and sixth A g mode. The hexagonal ones reveal strong peaks originating from the E 1 , A 1,1 (close to the E 1 ), E 2 , and E 5 modes. For both symmetries, the named peaks can be identified in nanocrystal measurements in Ref. 6 A B 2g vibration mode of the orthorhombic phase of BaCl 2 that was not observed in measurements (see Ref. 7 ) was predicted to have a frequency of 170 cm −1 . It is suspected that the mode was not found because of its vicinity to the A g5 mode with higher Raman intensity.
After adapting the symmetry type of the B-type modes of orthorhombic BaBr 2 , given in Ref. 8 for Pbnm symmetry, to the Pnma symmetry used here, it was found that a reassignment of these modes is necessary since not all of the observed modes could be assigned to calculated ones. This is most likely due to experimental ambiguities such as, e.g., misinterpretation because of spillover effects.
For a variety of crystals, e.g., in a powder spectrum or nanocrystals in a matrix, no identification of the vibrational modes in the Raman spectrum is possible by experimental means. A single exception is the fully symmetric A mode characterized by disappearing depolarization rates. Here, it is shown that by theoretical mode prediction the measured modes can be assigned to their symmetry types, even for broader Raman peaks as they occur for nanocrystals. 
